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DRAG A_TALYSiS 0_- oIN_,_LE-E_R_.!I_S MILITARY J&I.:_.I:'L_NE

TESTED iN TEE- NACA FULL-SCALE WIND TUNNEL

_._o:'n _u._._.Abe- SilversteinCO 'P_ ' " "

__'_'_._,_. uv .'.ION

Tests h_,,ve "bee_: ......m',de in the ,,,_{_:"CAI_L_._.l'-..scale wfind

tui_nel on !l s. ingie-emg, ine military airp!_.:,?.es to investi--
gate methods for _'.',_r_._..ea, sim:_ their high speed, The a,ir-

p_a.,.as were te_t_ ..... for the Zacv-y 9ureau of .Aeronautics _m_d

the Army Air Co.rp_, #rod _.epa.r,'.:_te r_:ports have been for-

warded to these agenc'_es. _'._..pet._.b_-;..... )n of s lar imeffi-

cio:?.t design feat_.res un m,.%ny of the _irp!s.nes in_].cated

_"-_.n.e£e._irability_ of _,_"",,'l,Y.ing'.,_an{_ combining all of the

r_,su].ts into _-.single pape. r for distrioution" to des' "_':_,n,;.rso
The data for the v::'_ricus a,ir'pi_nes are not consistent in

sco:oe since t','l,:: extent of th_, tests d.el)ended on the possi-
b].!ity o_' ma,]cinc_ alte:'ations to ti-o ",_,-'_ ,_.{_.o _ cular rpls, no
....no_ i,l_e time _v_iiabie for '_}_e tests.

The discre::_;'_ncie_ bet_'eon the compn t,ed hi{sh _"b_ "...... I- cec_s
fo" idee_! a'_rpla, ne _ _ ...... -,,,-....

_:: _e '_..,'rtect"' ",vo_,s'b:_ndard m.il_t:..,z,,........ typc. s ;'_re well known, and..it

is l,._z_._.].,,"_n,:.:purpose of tb_-is paper to indico, te the
retirees Of _" " ;" '": [_11 ,,',_,,CSe C4!_.'_eI'OIIQ@S, Q com_:)rem.isos invoiv-.8.

i]! b]i<] oD.J<illeer!_l_..,;:des:_n, o _ the. o..:rp!r,ue s theft were. hest-

d o:'te., led to :liso.dvnnt _C" _"........... _=,eous .ombinations of t]::ei_2

b::,,sic compo:_:3nts. The adv_nt_%ges of o!ega-:t refinements
to the basic; aerodynamic c!(_ment_:_ in ,other cases were

nuili-°'ed by ina, tt,-,Ption to aut;_i!,_ ..... "" 2_::1ct esb:_.bli-_hod a.oro-

d_£llO,r,]iq p:_indiples we.re violated to simplify s%r"dot\1723.]

_I_robl-cms, In th_,........t=,_i:,s the mod. if".,.c.:_ tions. ';_.:_-c" 'u_<_ua].ly
limited, to 'bhose :,_hJ.c[b Fm,'_ctic_,].ly could be. applied to th.e
o:<istiz:,.-_%irnlanes, ,'_n_.,."bhe _<':_ins that were ree].ized, were
by uo me.%r.s the maximum. C]':a, nge,< were #_Ctl!'Ll.@c!.b__ *_" "'"
mc;ntc_! inf<)rm_:_tion obi:,s,in;:,d from. -'_...... ti:_ ...... m _._.u._].a s ro'_z6::ho'ut the
].c:bor_tozj on o,.,,._!ing,,;, dacts, _-tc. It. wi!! be possi'bto
to vti].ize some ,,: ..,, _ t h e ;".,_at<-, directly in deszgn; however',

it ......_,'-' b:_].]cved that l,!ze _erults, a,re. o.i .... _{r _;c.',.tcr .,4mpor!;r_:-zce
in ir_,.Cice_ting errors to be avoided. " As o, {_uid.o, comp':_'i-
sons _-r,_ mL%c!e wherever possible bot,,zeer. _,]:k_,,, %ost _rr_%:_.ge-

- ,a •
.... . ,?%l.

T.ho :.nvest i .... *-.4.-_<_a__ons included numerous stu(:[ie,_._of cool-
i:n.,g :,._:_.d c o w I " .......... _'_.............for -. e',.U '::"1.i qui,.:t- c o o i e d
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power plant installations, Scoops for carburetor intakes,
for intercoolers, for Preston_ radiators, and for oil
coolers were tested on many of the airplanes• Measure-
ments of the wing drag by the momentum method were made
for each of the airpl_nes, and measurements of the tran-
sition point and the critical compressibility velocity
were included to s id in evaluating the wing drag at high
speeds. Considerable data wer_ also obtained on the drug
of retracted and p_rtia!!y retracted l_nding gears, wind-
shields, cockpit enclosures, aerials, air leaks, and arma-
ment installs_t ions.

The drsg i_lcroments were me_sured at tunnel speeds
between 60 o_ud i00 miles oe _ hour Increased oerformances
predicted by the tunnel tests from modifications of several

of the :_irplanes were latter substantially verified in
flight tests.

AiRPLAITES A2TD EQUIPMENT

Pertinent doscriptive data on the airplanes tested
are sho_n in the photogr_phs of the wind-tunnel sot-up'a
(fig. I), and in the three-view dry,wings (fi£_. _). The
_irplanes are identified by numbers. The photogr_'_phs
(fig. i) show most of the airplanes in the condition as
received at the full-sc:_le tunnel (designated original
condition) ; however, _ few are shown in w_rious st_ges of

modific_tion as describe& in the figure titles. Sketches
and photographs showing details of v'_rious components are
included with the discussion.

The NACA fu!l-sca!e wind tunnel is described in ref-
erence !.

MZ'_HODS A_D TESTS

In the tests the focal points of excessive dr_g on
the airpl_ne were searched for, after which they were
refaired _nd improved as much as wns possible in a prac-
tical wmy. In some cases, components were removed from
the airpl_ne and their drag increments measured.

Initially, short tufts :_nd tuft masts were distrib-

uted over the surfi_oces of the airplane and visuo_l :_nd



photographic observations tsken of their motion. Dis-
turbed or turbulent motion of the tufts with the airplane

in the high-speed attitude normally indicated excessive
drag. In the diagnosis of the flow disturbances a rake
of total-pressure tubes was used, which could be moved to
any position around the airplane. These pressure obser-
vations were used qualitatively as a quick means for lo-
cating flow break-down, _.nd quantitatively for calcula-
tion of the draF coefflcient, The drams of the wings and

all wing protuberances were measured _.n this way. The
technique of these measurements is described in refer-
ence 2.

The air flows throu,_h the duct and cowlin_ in_talla-

tions and the pressure drops through the cooling units
were measured, A r_Ake of qtatic- and total-pressure tubes
at the duct outlet was mo_t satisfactory for measurin_

the air-flow qucmtity, and the pressure drop was measured
a_ the dif_erence between the total pressure ahead of a

cooling unit and the total pressure at the outlet, _,'hen
existin,E coolers were not adapts, ble to modified arrange-
ments, they were simulated by perforated plates having
the same pressure drop. Ducts and cowlings were usually
tested both in the normally oper_ and completely sealed

condition, so that the drag due to the cooling air flow
could be determined.

The usual balance measurements were made to obtain

lift, drag, and pitching-moment characteristics over the
angle-of-attack range from zero lift through the stall.
Scale effects were measured for a range of tunnel speeds

between 60 and lO0 miles per hour. _lost of the tests
were made without operating propellers, but for several
of the airplanes power-on data were also obtained.

In order to aid in extrapolating the wing drag to

hi_her Reynolds numbers and to _tudy in _reater detail the
origin of the wing dra_, measurements were made in the
win_ boundary laNer and the transition poS_nts were deter-
mined over a ran_;e of air _peeds and an_les of _ttack,
(See reference _. ) _ieasurements were also made of the
static pressure distr_butlon at critical points on the
airplane to aid in estimating the speed at which compres-
sibility effects on the airplane might become import_nt.
The_e mea_urements were _nade either by means of flush
orifices or small surface static tubes attached with the

static holes approximately 1/18 inch above the surface.
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RZEUI;TS ALD _.,_ISCU_,S!0N

m_-_.t__oavc_.-o_ll d._-_,,__-coeffi,-iants,,.. of the origin_l ooir-
pl::snes _:_m__%t!_o i.'e.crements in drag co.efficient due to nodi-

fylng or removing v_,orious air]?la,me compo:_cnt_s are sumn:_-
ri.zed in table I, _he tabulated dr_._, coefficients are.

given for a high-speed lift coefficient oJ:.' 0,i5 and from
tests at a tuni_el speed of i00 miles per hour, These dr_._g
increments are in most c_ses also given in the text in
pounds _t a synced o:f i00 miles per hour to provide a, b_sis
of co_:l,.) ......ison .,._._,,:_t_._ilt be J.udop._:,:_&ent of the p_irp!a.ne
w'_n_..... _troD.n. my.,,,- sh ' o" scale ef_eo.: .t for one,,. ±,_ .O.,_kl O U I_T G Z 0711 n,:_

of fh,._airpla, z:,.osb.";',%weoi{t_znnoi speeds of 60 and. I00
miles per hour a,ra _hown in _ fi{_i:uroS.

= a, "_oq_Oi_C(; 'rO] lo::rod, toj..,f .... _,._ l;es _, _ .. _ ., ,

eva].ua.to the drag :_f bh._ v,'.,_rious a,irplane Components on
ai,"oib.ne 8 is showr- i]_ '"_ _,....

Ba.._e(zon the test res_._.its and other more. fundamento.l
!s.boratory investi_ztions, v:_rioas sources of _zerodynmmic
inefficiency are d_scus,-_c_d in the -i:'ol!owi_.,_'chaot,_rs,

? OWER T ,'_,T_---2-.]-_,.1J. i_[8TALLA'P I0hT

:Thc most im_::,ortc::ntdr<zg _:o&u.c[;ions were off coted by

im:!?rov,:_me:_:;ts in t]'c: _ir_.._,].are :powcr-1:_].o,::.,_t insto_l].at:i, on.
,._ _-' -.c ' _ ns !qACA li gs oil-coolerT_']. O s 0 i .",o-C ], %_-_. e A _ c. t[ if _../u ,...o to cov, r Tl,

.... " " .... _""_"]" _ oi; Di,_-

cussion of the _ " " .. _ .,.o.z,o.g of T)ow_r-z_l,oont insta.lle.t, ions may be
se'pa_z'a,t_o& under thr s_,_bjects ,:;.fi....,.tern,__lc,n& extcr:ae! -_ir
flows, i brief r{_sum/ o............... "_,_,_ he._ %.L!._.([J_.,_it;nb/%].S _ MOIl W I1 pos'1"

siblo to mid in iuterp'r,_tin:z the test ros_.].ts.

in t e r_:_,a ! .:'_i r F i ow

,3o_o_.!j"__i3:f_.._?,nd d_zct ios sos .- The powbr us oful!y
_bscrbed in a cooling unit is O_A]p, in which _ is the
air quantity a.r.d Ap is the T,ressu.re drop a,cross the
cooling unit, Tiie ..... " D_.._o. -_.._ct_<l. po:,..rer absor _ - _ iu ' hO installation
is la-eger, o_in:!%'tn <]uct _._.n&_::_ke losses, and ma,y re_oh the

upper value of 2Q<:[o v,he n the entire momenuum of the oool-
In_?;air is lost, The term qLo is the &yna.mic pressure
corresponding to the flight s]?e._ed, The total power _bsorbed



between any two sections in a duct, based on calculations
of the momentum loss, is given by the expression,

iJ 7, (1)
C_
cO L.

in whicla HI and H e are the total pressures at the two
sections,

Numerous equations hays been derived to express duct
efficiency, all of which include the useful power QAp
in the numerator. The efficiency of the internal duct
flo%_ is

i. ./in }_:h.ch H o is the free stream total pressure and Hs
isthe total pressure at the duct outlet; the over-all
efficiency in'eluding the .effect of the ins_allation on
the external drag is

:[

AD V o

in which AD is the, total drag increment added by "the
cooliu _.'_,iustali-ation. An optimum cooling system design
is one in which QAp is as small as possible and _ ap-
proaches unity. To achieve l.ow v-_lues of tap, cooling
unit_ of !argo frontal area should, bc used; the upper limit
of size is de,finitely flz,_.c._by the power reou_red to carry

the _vci_ht of tile radiator. Assuming theft the LID r_tio
v the addition of the coolingof tlho airplane is unchanged b_

:un,it..the power requlred "t0 c_rrv the radi_tor wei_,ht is
approximately

" Pw---1.5 Vo

in which w is the weight of the radictor. The optimum

radis, tor is the one for which (QAp + Pi_) is D, minimum
(reference 4).

• in order to realize vs_lues of _ .'.._pproaching unity,



Extreme care must be taken in the duct desi_u In prac-

tice it is difficult to approach this value with anything

but a straight duct of optimum design. The following pre-
cautions should b_ taken to minimize duct losses:

i. Avoid bends in the high-speed sections of the duct

since the total-pressure loss in a turn is pro-

portions! to V s .

2. Use guide vanes in all the duct bends, ;or _ood

v_,_ne design, see f_,_r_:_e 5. If a dividing v_ne

of single sheet-metal thickness is used it

should be provided with a rounded nose.

Z. Avoid suddea ohan_os in duct size; limit 2-dlmcn-

sional expansions to _,_nincluded, o_nglo of i0 0

and Z-'/_mensional exot%nsions to 7 degrees; when

duct exp_u%sions exceed these v:_lues, use divid-

"-" An exception is a low-ing plates l,_ the duct,

volocit3 r Expansion just aheL,,d of s high-resist-

ance,in which case the _v,l].owable o,n.j_les are con-

siderabl_, hitcher. (See fit<, 6.) Actua.].ly, the

allowable duct expausion depends on the boundary-

].n_er co_Idltions on the duct walls. The allow-

c,ble expansion ,_n_les g on assume that the

boundary lo,yer fills the duct as it does in a

long pipe. a.nd expansions m_,.y be me.de at con-

si-_rablyv_u. greater an_:,].cs_"' ,.-_a__" duct inlet before

_,,, -i for:ned.a bound_:or,'F 1,.,.,or _s

4:. Dc;si_;_n the duct entry so theft 'bhe air flow c!oes not

crea, to pressure peaks on the extern<_,l or intern_!

lios cf the duct entra, nce (r_:ference 5),

5. Duct inlets should" be'loca_edl wnenezer'_ possible on

a stagnation I!oir;t. Duct inlets located nt

other than the stagnation point must be designed

to recover the full total pressure corre_ponu, lng

to the flight speed.

6. !i;4_'__-_,.---,,._s_"_'tcrs_._ to control ",_he duct air _?low

should not h_e USE@,, as th,,v_,,regul,ste the flow

by dostroyinj, toto, l pros_)u_....._,.which is wasteful

of power. (See e(lu_tion (I).)

?. The duct should have & smooth internal surf,?_cc cLnd

circular cross section when possible.



8. The air fl0w should be discharged along the con-
tour of _he aerodynamic body at the duct out-

let, and the afterbody at the duct outlet
undercut slightly to avoid a pressure peak.
(See 7(a).)

co

9. _lhen the flow distribution into the duct entrance
is asymmetricaL, as in the case of an o'pening
in a boundary layer, dividing plates both ahead
of and behind the cooling unit are required.

Air-flow control.- The quantity of air flow through
a duct can be efficiently controlled only by varying the

area of the duct o_%l_t. :All other devices, such as control
by position or are_ of the inlet, internal shutters, etc.,
are inefficient and will result in low duct efficiencies.
Since at the outlet

q =

and if the discharge is made in a region of free-stream
static pressure, the outlet velocity

2 H
V3 =_

it is obvious that any decrease in the outlet velocity

must be made at a sacrifice of totsl pressure H s. From
equation (i) it is further obvious that a decrease in H 3

_,,, results in an inc_'ea_e_ in power ab,_orbed., in the duct.
'\

T1ne d_Ic,, ou%lot area. A3, for a required flow Q,
may be calculated pj_ro.... a _,_ ximately from the equation

.'

in which P3 is the static pressure at the duet outlet.
The col:stunt i.]' is introduced to _,llow for the venturi

contraction behind usual t_ipered outlets such as figure
7(b). It may be omittqd if the outlet is shapcd so as to
produce po_rallel flow, as in figgure 7(c). The value of
H s must be c_ilculated from the duct losses and 'pressure
drop across the cooling unit.

The necessity for designing a duct outlet which can

be adjusted to provide just sufficient air quantity for _



cooling in high-speed flight Cannot be overemphasized.
This is particularly true if the duct efficiency is low.

" since %he power absorbed varies as _RVR in which VR
n

is the velocity through the cooling unit and A R is its
area. Cowling fl_ps nnd duct outlet controls _re absolute
necessitlcs on hi@_er speed _irplanes. Numerous test re-
suits demonstrate tki_ fact°

In the case of airplane S, which was not provided
with cowling flaps, _n exit slot averaging about 2-1/2
inches in width w_s provided to give :sufficient cooling
air for the climb. For the high-speed condition the
cowling gap _..rasreduced to 1/2 inch by fo,iring out the
fuselage _.ridth as shown in figure 19(d). This cowling gap
showed thcot a sc.ti:_factory _'ressure drop across the engine
of 9 inches of water ',,_asobtcincd for the high-speed condi-
tion, This change _,n the co_.tling gap by rofairing the
fusclagc reduced the dr_zg eoefficicnt of the airplane by
0.0017. A large po.','tof this increment was due to the
docroc.sed internal flow losses; however, _:_small p_zrt of
the increment may have been duo to the improved external
flo_,r conditions with the smaller gap. The a.ir-cooled en-
gine cowling of airplane 6 was provided with amcin slot
and an accessory control slot having a width of approxi-
mately l-l/2 and l-l/8 i__chcs, respectively. No cowling
flaps were provided. The dr_.g of the entire c.irplane
was increased by the increment of 0.0025, owing to the

air flow through the cowling. Cc.lculations based on _ir
flow required for this engine indic,:._ted that the outlet
area could be reduced to almost one-third of its original
size and the power required for cooling reduced from about
7.i percent of the total _irplLtne drag to approximately
1.6 percent.

In the case of airplane 9, cooling of an Allison en-
gine was provided for by a Prestone radiator located in a
wing duct without outlet control (fig, 8). In the original

duct the outlet opening height was approximately 6 percent
of the chord, the air quantity about 17,000 cubic feet per
minute in the high-speed condition, and the drag increment
0.0023. _y reducing the outlet opening to about S percent
of the chord, sufficient air quantity (10,250 cubic feet
per minute) for cooling in the high-speed condition Was
obtained and the drag duo to the wind duct was decreased
to 0.0008. The variations in the drag of the wing duct
with outlet size and air quantity are shown in figure 9,
For this installation a large part of the difference be--.
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twccn the measured intern_;l drag and the ideal drag is due

to the presence of structural members in the duct (fig. 8).

The excessive _r_ without an outlet control for flow

o_ regulation is further demonstrated by the modified oil-
:_lano 8 (fig. I0) The varia.co cooler installation on a__p_

tion of the drag increment with exit opening and air quan-
tity is shown in figure ll. Included is a curve showing
the ideal power required for cooling, As is noted later,
the largo difference between the ideal and measured drag
indicates a relatively inefficient system. Still another
case is the inefficient intercooling installation on air-

plane 10. As originally installed on the airplane, the
intcrcooler drag increment equallcd 0.0012. In this con-
dition thc intercooler duct was discharging into a wheel
well at a short distance behind the cooling unit (fig. 16)

without any energy recovery. Of this total a drag coeTfi-
cie_t increment of approximately 0.000V was attributed to
the internal flow of about 6400 cubic feet per minute

through the ducts. By satisf:_ctory control of the outlet
of the duct the power require@ for cooling could be reduced
to about 0.0002 for the correct quantity of air flow.

The _"_c_.,.ag and air-flo_,_ characteristics of the under-
slung Prestone radiator ducts for airplane ll are shown
in figure 12. For this air'plane a study was made of t_o
Prestone r_-diator installations (figs. I_ and 14) designat-
ed as f'o_o_,.__ and _ear. according to their location on the
fusel_'_ge_ in the for_-ja.rd,ins t_llat ion t%,zo9- by 19_i/2 -
inch e!!ipti_l _'eodiators were used, and in the rear in-
stal3._tlo_,. _',single 20-1/2-inch diameter radiator was used,
The _;es_.L0_ sil_: _Irat_@increments of O.O011 and 0.0010 for
the for_._!_d and the rear installation when both are ad-

justcci to the correct air flow. The large increase in
drag which vould have occurred if outlet control were not
use,J_ on those ducts is shown by the steep slope of the
curve of dra_ increment against air flow (fig. 12).

The heat dissipated in a cooling @_uct is a further
factor co_:_trolling the air flow since; when heat is c.dded
to the eoo!in_[_ air, the mass flow is decreased and for
equal cooling the exit area must be increased. This sub-
ject is discussed in reference 6.

Recover_ of waste heat energ_., The usef_.l energy out-

l_ut of the gasoline en,'_'_ne__is less than a third of the heat
ener@_ 7 of the fuel, and the remainder is wastefully dis-
charged in the cooling air and. engine exhaust. Some
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progress has recently been made in recovering a part of
the waste energy in the form of jet propulsion, The the- •
ory indicates and experiments have verified the possi-
bility of recovering more tlnan l0 percent of the engine
power by rearward discharge of the exhaust gases, The
optimum recovery occurs when individual exhaust stacks
are used f'or each cylinder, and ].Imited data are avail-
able to indicate the _cxhaust stack discharge area for

maximum thrnst, ,In the Case of airplane 8, flight• tests
showed the high speed was increased approximately 15 miles
per hour at an altitude of 17,000 feet by the use of in-
dividual stacks pointing ro_trward (reference 7).

The efficiency of recovery of waste heat from the
cooling air may be calculated by the method, of Meredith
(reference 8). The theory indicates that thrust is de-

rived by adding the waste heat to the cooling air at a
pressure above that of the externs.1 stream, and the theory

has been vcrified in some degree by experiment (reference
6), The go.ins are not large but may be sufficient with
a well-designed cooling system on _. high-speed airplane
to compensate for the cooling losses.

Air induction_.s_te_m_- Good military performance re-
quires th_,t maximum on_ne_ , horsepower be maintained at
high altitudes, For this purpose blowers and intercoolers
are provided to maintain the density of the mixture air
for the engine at or slightly above the sea-level density,

An important source of _vai]s.ble blower pressure is the
dyn_mic pressure of the air stream. This pressure is
available for rammi__g at any of the airplane stagnation "
points, and failure to utilize it fully is doubly harmful.
An aerodynamic power loss occurs in handling the engine
air at lower than free-stream total pressure according to
equation (1), and an engine power loss occurs correspond-
ing to the reduccd pressure at the cs.rburetor. Values of
the ram pressure available at stm]_dard tempors_tures for

_°.... '- tdif__e_ al itudes and at various $_light speeds are shown
in figure 15.

In the usual two'stage blower engine installation
the engine air passes progressively through the carburetor
intake, the primary blow,er, the intercooler, through the
carburetor, and then through the secondary b].ower to the

engine. The air is he.ated b_r the adiabatic compression
in the primary blower, and for efficie_t ope.ration this
heat should be removed in the intercooler. If the air

temperature at the engine is allowed to rise because of
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insufficient intercooling, the difficulties are numerous
and include :

i. Lower density of intake air to the engine leading

ok to lower engine power.
co

•_. Earlier knocking of engine with a given fuel. It
is desirable to avoid _ir intake temperatures
_bove 120 o F.

3. Greater secondary blower power required far
given increase of intake air density.

Most of %he difficulties o _ _u_orcharger__ . installations
Will v_nish if efficient blowers c_re developed, _tnd in

f_ct it may be possible, then to comp±_-___tely eliminate the
intercooler. Since the change Of the air temPero.turo with
soltitude is approxim_tcly s_diab_tic, the intorcooler prin-
cipally serves to remove heat sodded because of the blower
inefficiency. The low blower efficiency is harmful since
it not only necessitates the complicated intcrcooler in-

st_oll_tion but directly requires greater engine power for
the blower operation, Power is first taken from the en-

gine to heat up the carburetor air c.nd further power is
absorbed in _ne tercooler .to. cool it again

TI;o difficulties in _,i_cintercoo!er "installations

tested in the f.u!!-scale tunnel whrc normally those due

to space r strictio.us. On s ...._,l_.-s _ter airolanes such _s
airpl_nes S, 9, _nd i0, the space available for the inclu-
sion of large rectangular intercoolers w_s limited, This
led _o awkward ano inefficient o uct_ in both the cooling
nnd engine air passages :(fig, 16). Tho intercoolcrs wore
generally _:_tt_Jched to an a_irplano which ]?roviously wo.s
equipped _ri%h _on unsupore!lo_rged engine, in c_scs such as
those the expected fstilurc of _t_e intercoolcr installation

vitiates the entire design.

Extern_l Flow

The dZ_g added to an s_irplane by the power pls_nt in-
stallation owing to changes in the externo.l flow is not
ros_dily c_:_lcu!_tblo. The drag is ossontio_lly duo to in-
terference, and the detrimental effects Of external flo,_

disturbc_nces depend on the magnitude and loc_tion of the
disturbing element and upon the stability of the flow be-
hind it. The be_sic condition to which _tirplanes equipped
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with various power-plant installations should be compared
is an ideal streamline airplane having sufficient size
to accommodate the pilot and military equipment. Any
changes in the fuselage size or shape required to _ccom-
modoote the engine inst_llation must be charged against it.

In this connection a few data on the minimum drag
coefficients of ideal combinations may be of interest, it

is realized that comparisons of drc,g coefficients which

neglect the wing loading are of little intcrest; however,
most of the comparisons made apply to wing ioadings of
about 30. In the variable-dcnsity tunn¢l t_sts on combinations

of wing, f_Isclage, and tail (refercnce 9), _t was foand
that a drag cocfficient of 0.0128 could be reached for an
ideal midwing airpl:_ne combined with an NACA iii fuselage.
Tests on _irplane 9 in the full-scenic tunnel in its fully
streamline condition (fig. l(i)) gave a minimum drag coef-
ficient of 0_0145; however, the wake measurements over the
wing showed that the manufacturing roughness and wing pro-
tuberances accounted for 0.001S, send similar fuselage ir-
regulo, rities would probably account for another substan-
tial item. In a polished-model condition its drsog coeffi-
cient might lie between the values 0f 0,0125 and 0.0130.

For _tirpl_ne 8 with a slightly larger fuselage a minimum
drag coefficient of 0.0155 was measured for the airplane
in _t similar smooth condition but with the canopy in place
(fig. !(h)). This would probably reduce to 0.0135 for s_
model tested in a polished condition.

A large difference may exist between the drag coeffi-
cient of a smooth p_ished model tested in a wind tunnel
(even assuming the tr_nsition point is fixed at the same
location) and the dr_g coefficient of an airplane built
according to the best modern flush riveted practice but
including such items as pitot tubes, aileron g:_ps, wind-
shield roughness, mc_mufact:[_ring irregul_rities, etc. This
item,which is in the nature of a hidden drag increment, ac-

counts in part for thc failure of smooth model tests to pre-
dict the high-speed drag of airplanes with the conventional
extrapolation made according to the skin-friction law.

Assuming that the engine insta]lation can be housed
in an ideal fuselage shape of somewhat larger diameter or

length than the ide_l!uselage required for the pilot and
military equipment, it is necessary to charge the engine
insts_llatien with the a_dded skin-friction drag due to the
greater fusol_tgc surface area. This may become a signifi-
cant item if an attempt is made to obtain optimum effi-
ciency a,nd emphasizes the nccc_sity for smaiii-di_meter engines.
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The drag i_cromcnts on modern militn.ry airp!ancs due
_'_' ]'_,_" ize arc sm_:_].ler _ introducedto l_._z_,erfuse_,_e s th_.:_ those

due to changes in the ideal streamline shape such as occur,
for example, when poorly designed scoops c._"eadded near"Jh

the airplane nose. The generalization may be made that az;y

change airplane shape which tends be increase the
in the

_dverse pressure gradients or thc maximum v_tl'_e of the neg-
ative pressure occurring on the body will incre_,se the

dre_g, with the effects becoming nero SeriOus _s speeds c.p-
preach 450 to 500 miles per hour . The scp_rate items in
thc various power-plsnlt insteoll_tions which may creatc
drag by chmnc_ing the _,irpl,,%ne sh_,pe and disturbing the ox-
torns_l flo_,.rc_re considered .in the following. •

Air-cooled _n_ue,_ _' _ cow!i_.-_._ The convention_.l instal-
l_tion of an _ir-cooled on,line _t the nose Of the fuselage
results in an _irpl._nc witli a si%ape s0ue_ho.t nero blunt
than is the best from the sto_ndpoint of drag. This is

i _'.4 t....t the nesubst_tnti_'ce:L by the f:_,_ct _,_ gative pressures on

the best NACA cowling reach values from '0.6qo to -0.Sqo
oin contrsost with v_tlucs of less than 0.2q on goo_ stream"

line noses. In the belief that these ne_g_ttivc pressure
introd,,sos lend to hii-_her di-ag, streamline noses were added
to two of the airpla_es tested in the full-scale wind tun-

nel (figs. l(h ) cn_d l(J)) to ascertc, in the dr_ increment
due to the NACA cowling with no air flowing. In the case
of airplane 8 the drag coefficient was decreased by an in-,
crement of 0.0020 o_._ing to the addition of the streamline
nose. In the case of airplane i0 the addition of the

streamline nose decreased the dr_g by a smaller increment
of 0.0013; however, as can ])e_ seen. by comparisons of _..,.__'_-
ures l(h) and l(j), the nose en airplane I0 ws,s not of a __
type _,_hich would as effectively reduce the neg_tive pres-°
sure as tha,t on airplane 8.

As i0reviously _iep_tioned, the Comp_:isons were z:._c\o
with no air flowing ever the engine_ _nd au _:_ttempt w_s
made in the c_se of airplane 8 to improve the shape of
the cowling so as to approach more nearly the drag Of the
solid streamline nose and at the s:_.me time provide a method
of cooling the engine, Long-nose co_._lings of sh._q>e similar
to those shown in figure 17 were tried in an ef!'ort tO

maintain a good external shape and at the sc_me time to pro-
vide sufficient air flew. It was f0und that the ion,g-nose
cowlings with air flowing through them showed no decrease
in dr_g over that of the Ccnvcntion_,l NACA cowling, indi-
cating thc,t some peculis,,r internal or external flow phe-
nomena existed to nullify the gains which apparently should
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be realized from the improved external shape. This in-
vestigation was of a preliminary nature and more detailed
investigations are now in progress _t the laboratory.

For conventional NACA cowling installations, it has
been found that the best not efficiency and the minimum
negative pressures are realized for cowling C, which w_s
developed from tests in the NACA high-speed tunnel and
reported in reference I0.

In a further attempt toward improving the blunt shape
of the NACA co_vling, tests were made with spinners of var-

ious sizes attached to the propeller (fig. 18). These
spinners v&ried in size from IV inches diameter correspond-
in_ to the conventional de-icing spinner up to 38,6 inches
diameter. For a part of the tests with the spinners, cuffs
werc also _dded to the propeller. The results showed that
the medium spinner increased the over-all propulsive effi-
ciency by about 3 percent in the high-speed condition and
provided sufficient cooling pressure. The larger spinners
produced about the same increase in propulsive efficiency
but did not provide adequate cooling air to the engine.
The addition of the cuffs did not increase the propulsive
efficiency in the high-speed condition, although it would
be expected that the available pressure for ground cooling
would be increased. The relatively small increases in pro-
pulsive efficiency noted by adding the spinners are not
believed to be the ultimate that can be obtained in this

way since the KACA cowling will no doubt require modifica-
tions when used in conjunction with spinners. Study on
this problem is scheduled for further research.

_ith the use of the NACA cowling and its attendant
large negative pressure rise, it is exceedingly important
that the fuselage behind the cowling be correctly designed

to avoid sharp pressure gradients and to return the nega-
tive pressure to free-stream pressure with a minimum of
disturbance. The high adverse pressure gradients are con-
ducive to flow separation with a resultant drag penalty.
An attempt was made in the case of airplane 8 to improve
the afterbody shape by lengthening the fuselage approxi-
mately 5 feet by moans of a conical extension (fig. 19(b)) ;
this resulted in a decrease of drag coefficient of 0.0005
for the airplane with the NACA cowling without cooling _ir.
For the airplane with the solid streamline nose the drag
was the same with or without the lengthened afterbody, A
further small change was made by enlarging the tail of the
cockpit canopy to decroase the divergent air-flow angle.
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This had no measurable effect in the case of the NACA

cowling; however_ the change •increased the drag of the
airplane by 0.0006 in the case of the streamline nose
installation.

)

I Some air-cooled engine airplanes when viewed from
the top show a distinct necking-in of the fuselage aft
of the cowling. On airplane 5 the fuselage was modified
so as to eliminate this necklng-in feature, as shown in
figure 19(c). The stralght-line fuselage elements ex-
tend from the front of the fuselage to points of tangency
aft on the fuselage. This change reduced the drag coef-
ficient of the airplan@ by 0.0009. A similar change was
made on airplane 6 _(fig.19(a))which reduced it.sdrag
coefficient by 0.0006.

Air inlets.--The rules for the design of duct inlets
are not so well established as those for the design of the
outlets. The principles are known, however, and have been
verified by experiments. It is a primary requirement of
a duct inlet that it recover the full total pressure cor-
responding to the flight speed of the airplane. If the

total pressure at the inlet is less• than H o there will
be a power loss calculable by means of equation (i). The
opening should therefore be located at an existing stag-
nation point such as the wing leading •edge or the nose of
the fuselage, or at an artificial stagnation point created
by means of a scoop. The use of_scoops is discouraged,
however, by the requirement that the flow into and around

duct inlets should not create local gradients in the pres-
sure distribution over the body or increase the values of
the negative pressures above those •of the body without the
inlet. A well-designed opening at the nose of a wing or
fuselage will in fact tend to reduce the negative pressures
over the body near an opening since a part of the air is
bypassed through the duct and the external velocities are
lower (fig. 20). ,

Large adverse pressure gradients (negative to posi-
tive) cause a transition from laminar to turbulent flow,
and tend to precipitate flow separation. Large negative
pressures on a body further lead to compressibility effects
at low critical speeds, and require that the afterbody
be long to reduce the adverse pressure _gradients. While
awaiting a theory for specifying the shape required for
openings of different size and alr-flow quantity the ex-
periments of refer@ncs 5 may serve as a guide. By properly

proportioning the opening, inlet velocity ratios vi/v o
may be varied over a wide range without increasing the
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external drag. _ghen the internal duct p_sss,_]es cannot be

designed to expand the air efficiently it may be desirable

to provide low inlet velocity ratio to reduce the duct
losses.

The corners and sides of rectan_ular duct inlets

should be •Carefully rounded and faired into the body. If

an optim_._.m hi<_h-speed oponin Z co.nnot be designed to accom-

modate the c]imb and[ <_round cooling conditions, an e_djust-

able inlot should be provided. Tihe st_in,ittion point on a
win_j_: shm_t_ _zith lift coe_ient and for this reason an

optimum wing duct for both the hi ....-_n speed _nd climb condi

tions should have an adjustable Openings. (See reference

II.) It mc._y sometimes be possible to s_rrive c.t _ compro-

mise arronlgement which will be satisfactory in climb and

have almost ol_timum high-speed officienc_T. The effects

of the slipstream in shifting the stagnation points on the

win_T may, however, be the critical factor in the design of

wing duct inlets. The effects are disc, ussed in reference

12, and satisfactory solution of the problem may lead to

the necessity for :eodjustablo inlets.

Alt!_0ugh scooTps are _:iot the b st -_....e ,,yp_, of inlet open-

ings, tn_ •have •been widely used on the airplanes that

were tested in the full-scale tunnel. _xternal carburetor

scoops were particularly popular since the carbnretor ram

pressure cain be obtained most readily in this manner, In

most cases it _as found that the airplane drag was sub-

stt%ntio, llv_, reduced %y refair_,_g of the scoops.

R cfairing the carburetor scoop of airplane 2 a:_c_"_the

cowling ahead of it as sl_o_.,_nin figure 2_l(a)•reduced the

airplane drying coefficient by O.0010. _his further helped

to m_,intain the carbureto_-_, pressure up to high a,_'leso._._:_of

attack. _he addition of the c_._rburetor scoop to airplane

8 (f':_<_. 21(b)) increased th_ dr_g coefficient of the air-

plane by 0.0006. _'his scoop could have been improved _-_o_

incre_sing the leading-ed_e radius and lengthening the

afterood_,. Small sh_rp-edgo scoops (fig° _>l(c)) w_re used

in the _in_%'-fuselage fi].lets of [_irplane• 9 which o.ddcd

0.0019 to the dr_'_g coefficient of the _irplane. In figure
_l(c) the tufts show the large e_<tont of the flow disturb-

.,__eance on the airplane caused by _,;_.ese scoops.

_uft operation in airpl_ne I0 showed that a satisfac-

tory flow existed over the <-'_rburctor- scoop,which was lo-

cated in _n_ nose of the co,_ling (fig. 21(d)) for the

power-off condition; however, _,_ith the propcl].er opero_ting,
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a distinct flow separation was observed on .the. downstream

side of t!_e scoop o,,,Jing t0 the _slipstream rotation. To

elininate .this undesirable flow, the sides of the carbu-

retor sc00P were faired out more gradually into the cowl-

ing line, as indicated by the section line, on ifigure 21(d).

This fairing decrease& the drag c:oefficient, by 0.0006.

Throe different types of carburetor scoops wore

tested on _irplane Ii. (See fig. 21(e).)The n:ost satis-

factory scoop from the standpoint of both &rag and ran

pressure _¢o.s the one designEtted as revised forward inlet.

Th:e ch_ro.cteristics of the three types of, co.r_uretor

secedes are given in table II. The superiority Of the re-

vised for%_ard inlet is due to the improved s_hape of the

nose, _,JliiCh is more nearly po_,roJllel _o tile stre6_mlines

and to the e limin_tion of tile lo_:ler lip on the origin_l

inlet. It mo.y be desirable to: widen the revised for_so_rd

inlet o_nd fair it more gr&du_liy:into the fuselage, as %_as .

done in the c&se of airplane I0 to avoid losse-s due to ro-

tation _f the slips'troam.

The _tirplanes have been most severely peno_iizOd by

the oil-cooler instAllations, since in most co.sos tKe oil

coolers o_ppenr to he_ve been added to the o_irplnnes cLs c.n

afterthought. The c._ir for the oil cooler of zirplane 2 -.

(fig. 22(n)) wo.s taken in by means of _ scoop ell the tu%der

_ ,_ of the wing, was passed through a c ross-flo%v _ing,SUr_ _._C_ '

duct in _,_hich the cooler _-_ras loo_te'd c.nd &ischo.rged through

louvers on the upper Surface of the %_in_T. The cluct was '

at an e.ng!e of _%10proxim_,,te!y 45 ° to the _i_,g.. _. chord and the

o.ir wc_s discharged at about this angle to the upper sur-

face. Th_ t_fts in figure 22(_) show the _flow, interfer-

ence duo to the inefficient discharge, an& _:d:rag facto-

meat of 0.0020 wo.s measured for this install&:tion. The

.drag increment ,for _ sc_tisfactory oil cooler installation

on this e;irpl&no should not exceed 0.0004. On _%irpi_ne :3 "
the oil-cooler scoop was loc_ted on the bottom of the fu-

sel_ge e;t tiio roar of the }TACA covzling (fig. 22(C:)). For

this in st_ll_t'ion a clr_og increment of O.0007 was me6tsurod,
which is not considered excessive for the external insto.1-

lation. It will b.o noted that this •Scoop has a well-

-,'_] stro_:mline shape.f or;._.

The oil-cooler scoop on airpl_.no 4 was place& on the

top side of the NACA cowling, _.s shown:in figure 22(b).

The ovor-hLll drag coefficient of the inst_,llo;tion obtained

by removing t!_o scoop and so_ling the outlet _:as 0.0007.

This ,_,_asreduced to 0.0003 by refairing the scoop, as shown
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by the section lines in the figure. An cxtremely inef-
ficient oil-cooler inst_llation was used in airplane 8

(fig. 22(d)). It consisted of a sharp-edge scoop ioc._t-
ed on the bottom of the fusel_ge which diverted air at a

rather sharp _ngle up into the oil-cooierl ducts located

in %he fusclngc. The _ir then was discharged _t cn angle

of about 60 ° to the fuselage axis. This oil-cooler in-

stallation faile@ to supp!y sufficient air flow for oil

cooling _nd in s_ddition increased the airplane drag coef-

ficient by an increment of 0.0017. Since it w_s impossi-

ble to modify this installation without m_jor changes to

thc mirpl_ne structurc, an underslung radiator installa-

tion :was designed to be mttached to 'the bottom of the NACA

cowling (fig. i0). When the required quantity of air

flow passed through the cooler the drag coefficient was

0.0009. To determfne what part of the dr_g was due to the

protuberance and what part due to the air flow, the oil-
cooler duct was faired 'over at the nose and tail so _s to

prevent air flow, and an increment in _rng coeffic:_ont of
0.0004 w_s measured.

As an example of _:n extremely poor insto_l!ation o_nd
ar_ illt_.stration of its h_rmful effects on the s_irplo.ne

dreaD, results o,re presented for the temporary oil-cooler

installcotion which was insta_lec on alrpl_ne 9, c_s shown

in _ fi_u]_e 22(0). This lo_r{_e scoop increased the air piano

drs_L_ coefficient by an increment of 0.0040, whic!l corre-

sponecd to approximately 25 percent of the entire airplane

drag. This installation was le.ter _h_,_,__._.o_into a rela-

tivol_ inefficient wing duct in which loc:_tion it in-

creased the drag coefficient by 0.0011. A win_ duct oil-

cooler instn!l:_tion was _Iso used in L%irpl,o_ne l!, as

shown in figure 22(g). The duct p_ssages through both

wings wore bent sharply to _void interference _ith the

!anding-geo.r struts and a considerable loss in internal

efficiency resulted. The drag coefficient of the airplane

w_s increased by 0.0006 because of the wing ducts. It is

belio\<ed bhmt with an efficient internal duct the drag

coefficient wouldhave boon increased by no more than

0.0004 for this installation. The oil coolers for air-

plane 10 were lees, ted in strcennline ducts on the lower

surf_ces of the wings outboard of the fuselage. The oil

coolers were approximately n_._if submer_Tec_ into the wings

(fi_. 22(f)). These oil-cooler installations increased the

airpl::_ne dro_ coefficient by an increment of 0.0008. As
•s_ check on the added external skin friction drag due to

those ducts, streamline noses an([ t_ils were o.dded to the

units eond o_ dr_g coefficient increment of only 0.0001
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measured, This substanbiates other ds_ta showing that

streamline b!isters loc_ted at noncri'tical positions on

the airple.ne do not add large increments.

The l_rgest scoops added to the airplanes were those
provided for the Prestene radiator ins.tallations on air-

planes r? and l!, ' On airpl_ne 7in its original condition
the Pres_tone radiator was located under the Allison engine

and below the normal fuselage llno, The S._irwas taken in-
to:the ro.diator by means of a ls_rgo, scoop which fs sketched
on flguro 23(_). This installation increaslod the drag co-
efficient-of the airolane by an increment of 0.0034. In

" trio Prestone radiator in-o.n o.ttcm_0t to rcduce the drag of " _

stallation, the re,diator _,las rs_i._ed so s_S to p!ace it with-

•in .thedriginai _ineS of the fuso]!a,o_C nosc,_as shown in
fi,gurcs23(b) and _(C). For this • arr_.ngemont it ,_,_illbe

_ _ _3 ." . . .... . , .noted r,n._tthe i_:let di'd_ not protrude be_ow the normal

fusole.'go _line. ._iTh-o drg.g coefficient of i.the modified in-
st_llation _,_.s_0,00117 or npp.rOximntelz: one-half that of
the origin_-Ll inst_ll_tion for the _ same air" flow quantity.
Other scoop nrr_.,n,_emonts similar to the moclif.ied scoops
used on .o.irplane 7 _.cre investigate,.% on _irp.lane il.
2_gain the Pres%onc r_.cliators were ins t6%.llod.within the
o.ri,f._ino.lf[_.ire.dbontou'r of th.e'_fuselage; however, the

scoop i.nlet protruded: S_i_.t!_ _ bolow the original fuselage
line (fig. 13). Owing7 to the __ici _-_,_ en_ internal flow m_,de

possible through the sx_c_u_ expansion _ of its internal

duct, c dro,_.!_coefficient incremen $ of only 0.0011 _zas
meas,ared:for th_s airpl_tnc. A. s_m_l _ underslung scoop

ne_r t_. tr_.i!l._s .odgO.of the wing
(fig.. 14) For •this "ceJse with the coo.lin_ c_ir flow as

for the .f.orwo.rd unde:rsi_n..g arr,-_ngeme_t _'-_ _"

cient increment was 0.00i0. ....Attlention is _c:o.l.ledin both
of those cases tO it.hofact' "'_"_t, with _ _,zell-designed
scoop cve_ nf !_.r_._ si s ' the.so.... g_ ze ucn. as just d-cscribcd, ex-

cesszve _.._ag_ w.Cre :not .ob.t,?.i-ned.. .. ...

• ' T] .

i_ules .for the desi__-_._,....of Scoops b_se_1 on_h.o, e.xperi-
enc.o gaine_l _,_-it.ht_ho airpi_.nes arc _s. follows= _

I. Provide., a nose ra.d ' : "ius on"the, lipS]Of, the scoop
similar to that at the noso of e_n airfoil.

-" _" _ "r"-e dge Scoop.
[ .; ." .

• " . . ' " " _- . J'i " "- "

2. _rovide suffi'cientcc.mber l.n the •scoop contour..so
- aS to m_tch ____e streamlines of the flow. ,
. _Sc.oops With low inlet velocities require more
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camber. (See fig. 24.) When possible, meas-

ure the pressure distribution over the scoop
with correct air flow through the opening.

3. Until more detailed data are available, design

the scoop inlet are_ to provide an inlet ve-
locity of from one-hslf to two-thirds of the
stream velocity at the high-speed condition.
If the scoop inlet is not made adjustable,
the inlet velocity ratio will necessarily be
required to be lower and the camber in the
scoop greater. (See rule 2.)

4. Provide a well-shaped afterbody behind the maxi-
mum scoop section with sufficient length to
avoid flow sopmration. Four times the scoop
height will generally suffice, o lthough an
afterbody too short will be much more harmful
than one too long.

5. When the scoop is located in a cross flow such
as a propeller slipstream, fair the sides of
the scoop gradually and smoothly into the body
zdj_cent to it (fig. 24). The sides of the
scoop for this case correspond to the after-
body in a straight flow.

6. If a scoop is located in a thick boundary layer,
considerable difficulty will be experienced in

obtainin_ high efficiency. The inlet area
should be exactly proportioned to avoid flow
separation in the boundary layer ahead of the
inlet, and vane_ used in the duct to obtain a
more uniform velocity distribution.

_xhaust stacks and turbosuperc_har_er.- The require-
ments for the recovery of thrust from exhaust stacks by
rearward discharge of the heated gases have already been
discussed _. However, it is desirable tO further consider

the extern_l drag due to protruding exhaust stacks on the
fuselage. Tabulated results on the drag due to the vari-
ous exhaust stacks are given in table III.

The exhaust stacks listed are for air-cooled engines

with the exception of these for airplanes 7 and Ii. The
twin stacks on the air-cooled engines protruded from the
engine cowling at right angles except those for airplane 5
which were directed to rear at an angle of approximately
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45 °. The drag of all these installations is comparatively

large and their form drag may be reduced by the elimina-
tion of sharp edges at large angles to the direction of
flight, by discharging the stacks _o the rear and by re-
cessing them into the forward section of the fuselage.
The advantages of individual stacks are discussed in an-
other section of the paper.

It will be noted that the stacks as used on the

liqui&-cooled engines of _irplanes 7 and ll have much
lo_er _rag than those for air-cooled engines.

The drag:of external turbosupercharger installations
is high, as demonstrated by the 25.5-pound: drag measured
for the complete inst_llation on _irp!ane 9: (fig. 16(d)).

A dr_g brc_k-down for this insgall_tion showed that 2.7
pounds dra_ was due to the cooiin_ system for the exhaust
lines from engine to supercharger which had inlets in the
lea_in_ c'dge of the wing, 7.6 pounds to the:bypass stacks
(fig. i6(d)), and 15.2 po_n&s to the supercharger. The
high dr_g of this installation indicates that for a high-
speed airplane, it is imperative to. enclose the super-
charger within the _irplane with an efficient duct system
for cooling the rotor an& discharging the cooling air and
exhaust gases. _ .: ,

TABLE II!

Exhaust Stacks

Airplane Figure Drag at i00 mph

..... (lb)

i 25(_) s.s,

5 25(b) e.2

6 i(f) 4.s*

v l(_) 1.s

s 36(_) 3.4

II _(c) 1..z

*Drag measurement made by placing streamline blisters
over stacks instead of removing them.
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_,'£ings

The ]profile-drag c0efficionts of win_s were meo.sured

for _.ll of the airplanes by means of a wake rake (reference

2). _iumerous surveys were made along the span of the wing

so ms to obto_in nn average value of the dr_g coefficient

and the mean values are given' in table IV.

The drag vo.lues were measured o.t a tu'_nel speed of

85 miles !_er hour, and. values he_ve been estimated for the

dra_:_ of a smooth wl._ with the s_me sections and plan

form to serve as a basis for comparison. The smooth-win_

data were obtained frown full-scale-tunnel delta on smooth

airfo$!s tested a.t the same P.eynolds number. The di_g co-

efficient increment AC D r:_-r_se-ts the _;r_t_ due to rough-

mess, rivets, laps, etc.

Since it may be of considerable interest to pred.ict

the drag of service wing from the full-scale'tunnel tests,
or at least to determine whether dra_ increments due to

wine protuberance and roughness measured at the tunnel

speed c,,pply at flight speeds, a brief revie%_ of present

concepts on skin friction is presented. The dreo_ results

must be strictly interpreted to _void inacc_)rate estimates

of wing drag at high speeds and high RReynolds numbers owing

to the widely varying effects of roughness and compressi-

bility.

In attempting to compare the effect of roughness, such

as rivets, laps, etc., at several different Reynolds num-

bers, it is necessary to know the extent of the !amins_r

anc: turbulent flow regions on _e rough wing for the speeds

at which the comparison is to be made. It is characteris-
tic o_ a ro_ of rivets or other D_otuberance on a wing to

fix the transition from laminar to turbulent flow at the

location of the rivets. That is, a row of rivets on the

20-percent c location of a wing will definitely fix the

transition point at this position regardless of the Reynolds

number. For example, a smooth wing at low Reynolds numbers

may have its transition occurring at the 0.50 c position;

the addition of a row of rivets at 0.20 c would add a

large drag increment made up of two parts, n_mely the form

dro.g of the rivets and the drag due to the more extensive

region of turbulent flow on the rou{h wing (fig. 26).

With i___c_-'e_s-_.l_3"_''_"P.eynolds_ numbers, the transition point

moves forward along the chord (reference 3), and it may

be tn_t at P. equals thirty million even on a smooth wing,

the transition point would normally occur at 0.20 c. In
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this case, the addition of the row of rivets at this lo-

cation would add a considerably lower drag increment equal

to the rivet form drab, and no ex _ ?_r_ drag would be caused

o_ a shift of the transxtion ]point. The drag increment

o_ obtained in the low Red, holds number tests is thereforeco

not applicable at higher Reynolds number unless correc-

tion is made for the shift in the transition point, (See
reference io.)

In contrast to the effects of protuberances added in

the lanlinar-fiow region, the mr__s of roughness or pro-

tuberances added in the turbulent region of & smooth wing

increase _;ith increasing Reynolds number (fig. 27) so theft

the effect of _;ing irregul,_ _,u-_,,_,..,,_measured in low-scale

wind-tunnel tests do not conservL_tively predict their drag

at flight speeds. This effect is prob_bly dl_e to the thin-

nin_ of the bounde,_y r ' - " "- Is_ye at trio higher sT)coals, whlcn may
-u -. ,n ,ncause the irreguie_rity _n so_e c_..sus to protrude through

the boundary layer. %Thether the drag increment measured

in the full-scale tunnel should be _cr_ased or decreased

at flight Reynolds numbers, therefore, depends upon the

location of the _,_ing irregularities _Jith reference to the

transition_ j__oi_t__on a _omparable,. smooth wing. If the rough-

ness begins a.head of the nominal smooth wm_ transition

point, tlze dra G Lncrement '_ _crease w_-th increasing
scale, and vice verso..

,, " %__'ith ex_.sting conven_ionai airfoils, such as the _,_ACA

..... n at high Reynolds numbers (say23000 series, _no tr_._sitio ._

30 million) occurs close to the minimum pressure point,
wh i _ atca a lift coefficient of 0 15 is near the 0.15 c po-

sition. 0_ring to the ii_itiai turbulence in the full-scale

tunnel, the transition point on a smooth win_ at the test

Reynolds number of 5 million also occurs near the same

chord position, so th<_t in the r.---_-_rapolation of the smooth

wing drs_g, to higher R_v_olds_._., number, no increment is need-

ed to take into account the difference in the transition

point. ,The smooth _,_ino'odr _ can be extrapolated along a
nod "_ - _mo_ curve defence! as follows:•_ied turbulent skin fric ...."_

O_ll

Fllght st \RFlight

Owing to the forward location of the transition point in

the tunnel tests (see table IV) and the relatively smooth

le_di_g edges on most of the _;ings tested, their irregu-

larities _-_ere largely located in the turbulent region.
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From the previous discussion, this would indicate that
the dl_ag increments measured in the tunnel tests are con--
servative and, that, at flight speeds, the effects of the
surface irregularities will be even greater. The extent
of the drag increase with speed for some types of irregu-
larities is shown in reference 13. (See fig. 27.)

In extrapolating the drag coefficients to higher
Mach numbers, it is necessary to correct the usual
Reynolds n1_nber extrapolation for the increased drag due
to compressibility. As a first approximation, at speeds
well below the critical, the drag coefficient should be
•increased as follows:

CDc i

in which M is the Mach number and equal to the ratio of
the _poed of flight to the speed of sound. The effects
of compressibility on the drag due to wing irregularities
depend intimately on the types o__ irregularity. High-
speed tunnel tests on rivets and laps (reference IB) show
that up to speeds of 500 miles per l_our their form drag is

not greatly dependent on the Mach number since the local
velocities over the wing are not appreciably changed, In
the case of one wing, however, in which a local surface
irregularity existed that caused a change in the surface
contour, the critical speed was greatly decreased.

Based on the foregoing discussion, the extrapolation
of the wind-tunnel results to flight speeds may be made as
follows:

1. Extrapolate the smooth wing drag by equation (6).

2. Correct for compressibility by equation (7),

B. Add the drag increments due to surface irregulari-
ties as shown in figure 28. In general, it
will not be conservative to use the roughness
increments measured at tunnel speeds.

_. Ascertain whether any of the wing irregularities
modify the velocity field over the wing and
correct the critical velocity accordingly.
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A review of the wing drag res_alts reveals several
interesting f_cts. ;abric-covered wings with flush
stitchin_ stu_'h as used on airplane a_ (_-'r,-._mu2_9(c), have
drags as low as the best flush-riveted metal win_s

Oh

co__ The use of perforated trailing-edge flaps added drag
incren_ents of 0.00![_ and 0.00].6, respectively, for air-
planes 5 (fig. _9(d)) _nd 6. Tha increments wore measured
by testing with the -_ -pe_zorat_ons covered and open.

A typical example of the way in which _m_ll wing

protubersonces, gaps, _nd roughness increase the drag is
shown by the momentum moa:su_oments on the wing of air-
plane 9 (fig. Z0). Thi_;_ wind; is flush-riveted and hoes
butt joints on the latcrai so.ms e_nd lap joints on the
longitudinal seams. _'n_ estimated smooth-win_ drag coef-
ficient is 0.0060 and t!le measn.red service wing drag co-
efficient 0.0073, The sources of the increment of O.001Z

in CD _re estimated from .___igureZ0 to bo as follows:

?r_ikway and i__-_._,.__._._bb_-- fairing bumps 0.00015

Go.ps around _,ilerons .00020

Pitot head .00015

},_a,-"_ufact ur in_ irreguic_ritios _._00080

_otal 0. ]01o0r,

Similar incremeuts h&ve been me,zsured on other airplanes
for the same items. On airpl_nnc 8 two soonded _zalkways
protruding c_boat 1/8 inch above the wing surface increased
the win_,= draa,_"coefficient "_O_.0.0007. The item labeled
"ma.nufactu_1_g .... _ ......_'_ ties includes sm:_.l! surfe_ce dis-

,. rou;.h_:_ etc Th _' Ctr_,_{So? one sec-continui_io_ _ _,_ve s, o ....... ss, .....
tion of the win_ on s_irp!_'_ne 8 _._.s red_ace_% s_bout 0.0006

by fil!inc it _,_reful_v with paint _%_(I s&,_ding with No
400 _,._atorss_ndpaper, This dr _,_,_,_i._c]_._::(._t_',-__'___ _,_s verified in

fli,j_ht test. The {_:%ps in ccnvcntion_l o_ilerons a£d _n
increment of from 0.0001 to 0.000_3..

Cockpit Ca,nopic s

]'-iod i? __-eations o::fs-number of the cockpit oanopies
were J.nvesti_:_ated, but o_lly in the ca_e of s,irp!ane 9 was
it pro_ctic_ble to remove the canopy to measure its entire
dra<_. Phet<7r:vohs of -i:__.eori{_.i-_.o.!,c,nd t.hrec modified c_,_.no-
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pies for this airplane are given in fifjure Sl(b) and
their principal dimensions o_re shown in fi{sure S2_. The
low coefficients for thcsG canopies demonstrate their
excellent desi¢in and confirm one of the conclusions from
the canopy investigation in the 8-foot high-spced tunnel
(reference !&) thk_t the drag of _ well-designed canopy
represents a small p_,,rt of the over-all airplane dro_g.
The cano]0y drag coefficients given in thc to_ble arc from
_no-h_if to two-thirds as large :'_swould be expected from
reference !6. This is believed to be due to a difference

in the boundary-layer flow conditions existing on the
aerodynamically smooth mode! on which tke investigation
of reference 14 was cond_actod an& the actual s,irplane.

The first modifico_tion of the canopy, theft of reduc-

ins its hei,ght 8-5/8 inches, reduced the drag to one-half
of the original amount. As the reduction in the cross-

section_l area of the canopy was less ths,n 20 percent, the
: dro,g reduction is attributed largely to the improvement in
the lon_itudinal section. Decreasing the length of the
tail ,section of the lowered canopy slightly increased the
drag, indicatin_ that for the boundary-layer flow condi-
tions o_. tke airplc.ro the cs,nepy trail section should be
greater than four times the height recommended in refer-
ence 14. The flat-sided windshield offering improved

vision slichtly increase& th_ canopy drag and would not
be recommended for _. hi{_h-spoed %irpl_3_ne boco,use of the
low critics_l speed that would result from the sharp cor-
ners.

A modification of the flat-sided windshield w&_s

tested on airplane !i (fig. Si(e)). !t will be noted
that rounded sections were place& between the flat sur-
faces to eliminate early com_)ressi]_ilit_ _ effects. This
windshield ' _ .. ",_rnen tested o_ the model wzthout carburetor

scoop in place gave a reduction in the s_irp!ane drag co-
efficient of 0.0002, which w_s due principally to in-
creasin_ its leng%h, A repeat t_st with the modi+'ied for-
ward c_rburetor scoop in pl%ce, kowever, showed no reduc-
tion in drag, further demonstrating that the drag of the
cs,nopy is critically ,%ffectcd by flow conditions. Ste_tic
pressure measurements on this windshield indices.ted that
its critical speed would be as high as for the original
rounded windshield.

On airplane i0 (fig. _l(a)) :_ compo, ratively ].argo
drag reduction was obtmined 5y increasing the radius of
the windshield[ at its juncture with the hood o,nd slightly
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reducinE its anglo. _no medizmua can Po of _irplane 5,
although of greater height :_nd cross-sectional area than
the original c_nopy, did not increase the drag, o_zing $o
its improved shape,

OA
° •

__ The io_rgest drag reductions were obtaomned on _;.Ir_-
pla-_o 6 (fi_._;" Sl(d)). !uasmuch as the unfl&ppe _I_..,.engine
cowling on this airplane allowed _ far groveler amount o_

• ' 2.1mar to flow _han _ou!d be optimum for _ne h_gh-speed con-
• J.Idition, _n_ tests were rJ._,_dewith the cowling gap sealed.

Rounding the windshie!O_ and e!imins_ting the sharp edge
at its jm.nct_ile_ witll the _orward hood reduced the airplane
coe_ficioi_t by 0.0011. The o! "_":c..._lar::tion of the quarter-

_c__ scctlon by one of _rcatcr length brought
the totc_l reduction to 0.0019. Fairing out thc joints _t
th _..e_¢Is.__ of tl_c_movable hoods _id not produce _, me_sur_blc
dr_'_g reduction; however, on an airpls_nc with smooth saf-

e _l_ _ neficialfo_cc_, this chc_nd_e would und.oubtoc_._ be be . .

L o.nd in._2_Gears

There were four general types of retractable l_nding

gears on the airplanes tested: (i) wheel retracting into
the s i "_ _" _'_es of _,he fusela:=_e; (S) wheels on struts _ttached
to bottom of front sp_rs _,_hich swing to the rear and ro-
tate through 90 ° to place them in wing wells; (3) wheel
struts pivoted above the lower surface of the wing and
swinging inboard so as to place the entire gear within
the wing; and (4) tricyclc gear with front wheel rctr_%ct-
ting lute nose of fuselage s,nd rcotr wheels retraction
similar to type 3. The drags of the landing gears as
given in t_blc VI wcre determined from thc differences in

thc drag at 100 miles per hour of the airplanes with the
originro,! rctrc_cted gears and thc airplo_nes in a smooth
condition with all landing-gear openings and protruding
p_rts eliminated.

The rcsuits obtained for the !o,nding gc_trs of type I
showed that thc use of flush cover pic_tos over the wheel
wc!!s would produce apprccio_ble dr_,g reductions, The
landing gear of type 2 on airplane 6 g_vc thc highest dr;__g
of all of those tested. As indicated, in the table, several
modifications of the geo_r wore investigated, Extending
and improving the fairing of the o!eo struts (fig. Z3(c))
together with round.in_ the edges of the reo_r halves of the

wcl!s by inserting a half round section 1-1/8 inches wide
did not produce a large reduction in drag, The use of



an_ th thewheel-well cover plates proved effective _ _zi
addition of the faired oleo struts reduced the gear drag

from I_.8_ to 3.9 pounds, the _ot _,_-_quantity represent-
ing the drag of the faired oleo struts. A similar type
gear _r_s used on airplane 7 (fig. 3S(b)). The sealing

of gaps and improving the 01co strut fairing (item l,
fig. GZ(c)) reduced the drag 4.2 pounds while the exten-
sion of the wheel covers to inc!udc the entire _lhcels

(item 2) _ _o_oro_ght the _ _al drag reduction to 5 8 pounds.

The lo_est landin_ gear drc_,__ for the s.irplanos was
measured for th _ type S geo.r o_ airplane 8 (_i__o° 3S(f)).
The entire elimins_tion of this drs_ would be possible _y
sealin Z the cover plates ag_ii_t__ leal_ce__.-.." _ improvi
the fatirings of the joint _rith the wing surfs.co. This

' _'_-- vc procc&in{i_ types intype of gear h['_s the advanu,.i:_u o r
that the oleo strut m_y be reo dily retracted into the

vzin_. "

The tricycle _2_e_r on o.irplane 9 (fig. 33(e)) proved
%0 be one of the hitcher dr[_g o_rr_tn_ements. This is
attributed lar.:_nlv to the fact t?_t the main wheels pro-
truded about on<_-third of their "_-_-'_'_._m_ncssms shown in the

photograph. On :_.later series of tests on this airplane
after the la!_ding gc_r h:_d been modified to entirely re-
tr_o_ct the nose ,_;_ccl_.into :_ fuse__m_e"- compartment with

cover plc_te o.nd to retract the reo.r msoin wheels to their
full depth into wing _clls without cover plates, it _zs_s
found that the dr':_.gho.d only boon reduced from 10.3 to

_ _ cli_-',_ed by a tight cover8.7 pounds. This _,.ra;-_; was _,,......
pls_to,_,z_±Ich emphasizes its necessity.

Armament

T_c c!_ags of gun inst;?.!lations _ .... Deed of
IO0 miles per hour are given in table VII. It _ill be
noted that the drag of all the inst:_llations is of about
the same order except for airpl_u_e 3 (fig. Z4(c)), _hich
is over five time _- o_s 7o_rgc. The vo_lue '" -.... g_v,_n for this

e.irpl_e_.__does not represent the total dl"_.,_for the __guns,
o_s in e_ll other c_?_ses,but is the dr_ re,_luction obtained
by sealin:j the openinjs in the _ose of tn_ engine cowling
around the blast tubes and the filleting and the fairing
of the tubes. Measurements were made for bo,,_ the po_;_er-

off and prope!ler-operatind_ c_n_._tions-_, and the lower value
for the power-on condition is civen in the table. The
source of the high drag for the or__:t_i_a!_insta_Ist_on...... is
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obviously not due to the form drag of the blast tubes but

to the large air leakage induced by the negative pressure

over the nose of the cowling° This installation is dis-

cussed in further detail under the heading col leakage.

co
--_ The lowest drag installation for _n airplane with a

radio_l engine was obtained for _irpl_ne i0 (fig. 3Z(b)),

in <_hich there are no opening]s in the cowling _nd the

guns c_re pl_cod in troughs with no protruding] parts. On

the model of o_irplane ll (fig. J4(f)) _ith liquid-cooled

engine, the 101ast tubes pl&tcod lov_ on the fuselage nose

also proved to be s. low-dra G arrnncoment, The installa-

tion of the oic_ht wing :[_uns represented by 2-inch holes

in the !eo_din<_ edge showed a io-_ dr_t_. Altho'agh the ef-

fect of the openings on the me_ximum lift coefficient w6ts

not investig_tted, tests of inlets on the le_ding edge of

win<s indi ate th?_t if edges of the _'."c op__mngs o_re not well

rounded and loc[_ted noatr the stagnation point, o.pprecio_ble

reductions in the maximum lift will result.

The drag of the external N&v;7 £_un sight was measured

on o,irl_&11es i, 6, and lO, _........enid _ on o_irp!_.ne 1 (fig.

84(c_)) was there o_ me:_sur_ble tiring,which was 2,5 pounds _t

!00 miles per hour. It is believed,_ however, that,with

the aerodyno_mic improvements in the fuselace and canopies,

the elimination of the external glum sight will assume

greater importance.

The bomb rack on airplane 5 (fig. S3(d)) and two

bomb r,o.cks on c'_irplane 6 (fic. i(f)) gave large drags of

8.5 and 11.2 pounds, indicating the desirability of suit-

able fo_irings fo'_" reducinc their drag.

Aerials

The dr_?_Cs for the three types of aerial shown in

figv.re _35 are {_iven in table _; Ii. Wit _ the possible ex-

ception of the type 3 aerial, _ll _er_a]._ co'use more dre_g

than shov.ld be considered scttzsf,c_coor_ __r c_ modern high-

speed airpl::_no, if the angle between the wires _nd the
direction of fii °__ " __,, is _rGc, _s in the case of type i

'. aerial ('fi{i;, SS(i)), the effects of compressibility On

the dra,_ at ]-i-__.:_n speeds sn'ould b_ c,onsidored. For exam-

ple, reference 1:5 shows that the critic_,_l speed of a cir-

z.a_r inclined at an oongle of 45 ° would be about

Z30 miles ]?cr hour at 16,000 feet altitude.
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LEAKAGE

Any. air flows on the aid-plane Other than those use-
fully employed :for cooling, ventilo.tion, eta, t should be
prevented by scaling all surf_ces _cross which pressure
differences exist. Air leak_.ge th_"ough the airplane sur-
faces or between compartments Within the airplane will
ordinarily result in _ppreciable drag losses since the
leak_._ge _ir is usu_lly discharged normal to the flight
direction, The drag is due to the loss of the momentum
of the leakage _ir _ "s_n_ to the disturb_}_nce of the oxtcrncol

DI]^flow over the airplane, surf's°cos. _,.e first of these
losses can be computed if the ]?res '-_,,u,._edrop across the
leak and the leak s_re_ atre know,I., Assuming leakage from
a. large reservoir, such as ,_ cowling or fuselage, then the
approxima_.te quantity of air flow through the le.mk is

/ 2

P

and the drag

= pQv (9)

in which Q is the quantity of leak_ge flow, A the
area of the los_k, s_nd p the .p_cssure if. erence across
the leak. The d_ag duo to 'the off oct of tke lesJ(age on
the disturbo_nce of the externo,1 flow canno_ readily be

computed, since it depends on the loc,_tion of the leak,
its m:.tgnitud.e, extern_l boun(i_:_r_r-layer conditions, eta,

The largo o.dverso effects of leaks.go arc o.mply domon-
stro.ted in the ful].-sc,%le, tunnel tests, The results are
summarized in t_ble IX, Isola, tion of the drag increments
in some as.sos is impossible, since several items were
changed _,.tthe s._mo time,

Openings in NACA cowling noses are particularly dis-
advanta_Teo'_s, since !;he pressure difference may be as
much as 2 q, In cases in which armament inst_.!].ations

ps,ss throu.gh the cowling nose, su.ch as airplanes 1 and 3,
extreme care must be taken to prevent outflow through'.the
opening. The effect of the opening ,%nd the outflo,_ is
shown by photogr_.,.phs of the tufts on the cowling for air-
pl_,_ne 8 (fig. S6(a,)), The region behind the opening is
comp!etaly stalled, as shown by tke revorsc_l of the direc-

tion in which tho tufts ::?oi_._.t, _,n,S. t]:',.o !o.:'_:_.:,- d:,_s:.i. :.n__z_':ncnt
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of 0.0029 measured/for this case is explained. Other
common errors to be avoided• are unsealed holes through

the fire wall, random flow from the engine cowling com-
partment into the accessory compartment, gaps in cockpit

o_ enclosures, leaks in cooling ducts, particularly "aheadco
of the cooling unit, flo_T circulation through incompletely

_ sealed landing-gear wells, leaks around cowling flaps,_
etc. For cases in which leakage is desirable, that• is,
for ventilation _r the outlet should be carefully shaped

and directed along the contour of the surface at the point
of discharge. (See fig. 7.)

Compressibilits_-Discussions of drag results on air-
planes ±tom t_st data ebtained at lO0 miles per hour are
obviously incomplete without consider_tion of the possible
effects of compressibility on tile drag at the actual
fli _5at. speeds Numerov_s fundamental in.vestigs_tions have
S howll t_ _na_,if the speed of an aerodynamic body is in-
creased, a critical value is finally reached at which the
drs_g of the body rapidly;" increases. This corresponds to
the occurrence of sonic velocity at some point on the body

"_"_ _ s hewn (r ace 16) that if theand invesolgaoion have s e,fere

press_J.re distribution over the body in low-speed flight
is known, then it is possible to estimate the flight speed
at which this cT'itical sonic speed will occur. Bumps,
ca no_pies, scoops, co_!ing, etc., that increase the local
air sT)_'ed _t a.ny _int ic&d to the occurrence of local

sonic _p_:,ds at lower _light _,e_ tha.n on _ l>erfect

]_i_eme'gllo4, el estim_,•.t_,ns°" thc crit'_c,_] spot& from p•ros-
sure me<_s_Iremcnts made at low a_r spccds is described in
refc_-cncc !6 and the agreement bctwe_on theory and ex-
periment sho_,_n in references 15 send 16, The theory does
not conscrv_tively predict the critical speed _nd the val-_e
m_I bc 15 miles..... per hour lower than estimated. Values of
Per, critical pressure, corrcsponding to vc,rious _,_ac_i

numbers, are Calcuiat_d,.,_.from the Bernoulli equation for
compressible flow (fig. 37). The pressures measured _t
low air speed are extrapolated by the method of Ackeret
to t_<_ "......_ _nto account the variations of the pressures on
th ,_ be _v_ _ith changes in _qach number', that is,

Pc = gl M _

in which Pc and Pi refer to the pressure in compres-
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siblc and incompressible fluids and. M _ is the Mach num-

ber, If Pc and Per are plotted, against M, the in-
tersection of th,_ two curves defines the critical Na_

& •

IiUnl D 0 r

Xeasurements were made of the pressure distribution

at numerous critical points on the airplanes tested in
the full_scc, le tunnci to aid in estimation of their criti-

cal speeds, _ypical results ar _ presented in figure 37 for
four of tn,..airplanes.

Thc lowest critical velocity wi].l usually occur for
single-engi_le airplanes in the wi - _ _ .ng-_ uoelage juncture,
since here the thicke_ win_s roots a_.&_ combin_..d wing-
fuselage flows lead to hi ,'_ local velocities. This point_5£I

was critical for airplancs 9 and II (figs. 37(b) and 37(d))

and will be critical for airplanes 7 ....:(_ I0 (f''_Iz_s,_o7(a)
and o_(c))_ when their wm_._o_shicld.s'_-_- " are correc'ol_'ff modified,

The use of wing and f'_.sela._e_"sections e:x.pre°_-_v,_,o._ designed
to avoid high negative pressures is a mandatory require-
ment on airplanes des1 .....o_ for the 450 to 500 miles per
hour speed, class, The data in rcfere:uces 5, 15, and ].7
will bc useful in _.... _ignin_£ t___: ........o'_n _ . _-- _._'_;,4_ _._,_qct. Pusole_ge shaDos

to _void [[OW critical speeds,

± well-rounded juncture should also be proyided be-
tween the toy> of the windshield and the cockpit hood,
The sh_rp radius of curvature ,nt 'o"_i_s _._oin'b was found to
be responsible for a critical speed of Z90 miles per hour
in the ease of airplane 7 (fig, Z7(a)). Tests on canopies
in the high-speed tunnel (reference 14) are valuable in
defining the relation between the ra.dius of curvature at
the windshield " _- ' _tn_ it ical sjune_ure and cr peed.

The nose of the cewling of an air-cooled-en_ine air-
plane is Ln,further point of hi""e'_ local velocities and

should be desicned for high-speed air]planes entirely from
the consideration of obtaining :_'_hi "'__ critical speed De-
sign data on the suoject are given in reference i0.

As a. further caution in th.c use of scoops on high-
speed airplanes, it should be recognized that, although
their drag may not be lar_-_o,_at low speeds, their effect
in reducing the critical speed mo_y be serious. Sharp-
edged, scoops designed for low inlet vc!ocities may become

critical at speeds from 350 to 450 miles per hour. If
scoops are used on any high-speed airplanes, pressure-
distribution measurements should be as.de to check on their

critical speeds,
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CONCLUSION
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sixth of the basic elements.
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T_LBLE I - Dr_ Analysis of Airplanes in Original Condition

CL = 0.15

Item Airplane
1 2 3 4 5 6 7 8 9 I0 ll

Original condition 0.0377 0.0328 0.0390 0.026710.0o20 0.0382 0.0257 0.0275 0.032910.0269 0.0201
Excessive cooling drag .00174 .0017 .0015

Er_ine co_/_li1_(no
cooling air) .0020 .0013

Fus ct,._.__esho:pe ..... .0009 .0006
Carburetor !nt_d<_ .0010a .0006 .0019 .00063 .0001

_" .0034 .0024 .OOllPrestone r_,alator
Oil cooler .0020 .0007 .0007 .0003 .0017 .0040 .0008 .0006

!ntercooler ,............ .0011 .0007 .0011
Exhaust _tae,_s \-0_i_3 .0010 .0007_ .0003 .0006 .0014 .0003

I

Supercharger .0033
Perforated flaos .0020 .0012
Seals on control surfaces .0005 .0002

Sanded _',-ml!nTay I .0007
Coc_:pit canopy .00193 .0004 .0004_
Landin:_ gear .0016 .0014 .0007 .0019 .0008 .0007 .0009_ .0002 .0019 ,0005
Gun installations .00691 .00293 .0003 .0006 .0002 .0005

Gun slgnt .0003
Bon'/oracks .0008 .0017

Ejector chute .......................... .0003
Aerial .0005 11 .0005 .0008 .0007

Air leakage 1 .0008 .0007 .0017 .0004 .0011

iIncludes carburetor and oil cooler scoop drag (largely due to leakage).

aplus cowling change.

3Faired, not removed•
c_

4Includes fairing flame arrestor, o_
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TABLE If.- Carburetor Intake Scoops

Duct chars_cteristics Flow characteristics Dr_ data

CL = 0.48 CL= 0,15 C D

Type Inlet Outlet V = 216 mph V = 4_0 mph 0L:0.15
g_rea _ze_

Ram Quantity R-_m Quantity S=170 sq ft
' (Ib/hr) (oeroentq) (Zb/hr)(sq in.) (sq.in. ( ercent q)i

95.0 13,820
<'C 37 .I 22 ...... 0.0010

37.! 15 97.0 - 'zo
_/_" Ori_:inal ...... x0,__0 ,0007

.....<_-........................ 37.I 9 97.5 7...... ,900 .0008

. ' 26.9 22 94.5 7,960 97.0 14,940 .0005
"- 2 6.9 15 94.5 6,170 98.0 12,"_9,0 .0003

-'" Revised f or,,z,...,_.,,o.
-_. - _o .o_ 9 95.5 0,2 .... 97._ 8,3!0._ .0001

26.9 0 ...... 88.0 0 .0000

../"_ 27.8 22 ...... 70.5 12,100 - .0002

/ 27.8 15 63.0 5,5 80 7S .5 9, _lO .0000
/' Flush

""- 27.8 9 57.4 3,720 1 61.6 7,200 .0000
!

Ylov,,characteristics are corrected to 12,000 feet altitude.

),[ilitaryrating requires 8100 pounds of e_irper hour.

Oq
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TABLE IV.- Wing Profile Drags and Transition Points

_! Description IFig- Transiti°n p°int l°cati°n CDo CDo_ iACDo

ure on upper surface of wing meas- smoo_

, , ured wing
"_ s/c Remarks (est)

I _etal covered, brazier-head
rivets; larger rivets on

fo_vard portion of wing;
laps facing back ......... 0.00°0 0.0058'0.0032

2 _etal covered, _0razier'head,
rivets; row of larger riv-I

ets on upper surface abouti15%c oehind 1.e.; laps
facing back 29a ...... .0083 .0062 .0021

3 _abric covered, raised
stitching; drag measured

I on lower wing _ ....... 0084 .0070 .0014
Front portion of ,_Ingmetal S_ II covered, flush rivets;

i [ear portion fabric cov- i
! _red, flush stitching

5 Metal covered, flush rivets 29c I "-.... .0070 .0063 .0007
to about 18%c behind 1.e.,
remainder brazi er-head

rivets; perforated dive
and landing flus 29d ....... 0109 .0072 .003'7

6 Metal covered, flush rivets
on front half of wing,
laps facing back; fabric
eovering on rear half;
perforated dive and land-
ing flaps ....... --- .0106 °0065 .0041

7 Metal covered, flus_ 9 0aftPITr°_ _ Irivets, laps facing

forward ___ 10.176 t/c*=0.126 I .0079 °0060 .0017

'_etal covered, flush '29e I 7.3_m--_ , I

8 1_] "

rivets, joggled laps .198 airpl_e I .0070 .0059 .0011
t/c* = 0.134 I i

9 Metal covered, flush . 7.2-_-fr_n _--I

rivets, filled joints .... 180 airolane I .0071i .0060 .0011

t/o* O.lS5 t
I0 Metal covered, flush I .0077

i

rivets, filled joints ....... 0061 o0016

5.7 ft from ]_LU--I
1] Wood, filled and polished --- .180 ai_lane .0074 .0061 .0013

t/c*= 0.1o0 i

s distance along surface behind stagnation point
c len_oh of chord
t section thic_ess
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TABLE V.- Cockpit Canopies and Windshields

I Reduction of drag Cross-section
I

p_ ._{odification !"Fig_-Drag o£ canopy., by mocifications area of

lure -- .... ------ 1 windshield

•_ &CD nCD_ A CD & CDFW
...... I,

Longi tudineol section
of canop__ _.o.if_e_
to increase height , 1,76 (mod.)
S.2 in. !SIc 0 -- 1.24 (orig.)

S._c_ .001! 0.13 2.176 Modified windshield _

- _c-• r" f_OModl-,led trail .uO_ ,ll 2.17

Modified windshield
s,nd tail ,00!9 .22 2.17

_ .04 2 649 Original cnnony $1b 0.0004 0 _" -- •

Lowered onc!osure .0002 .0_ .OOOB ,02 2.19

Lowered enclosure -
short tail .00_ .OS J .0001 .01 2,19

Lowered e___io,_ruru__.- _ - _ - i
flat side_ wind-
shield and !_ _ ,

_-_ i .0_tail , .uu04 0 0 B. 19

I0 j Modified windshield 31a .000_ .05 _.00

III Flat side _:_indshizldl$1e 0 0 1.14
I i .0002* .OS

•obtained for cor6ition with carbmre%or scoop removed.

The s_oscript _ _ns_t,_o___cs_..,._:..,.,,., frontal area of canopy.
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TABLE VI .- Dr_j of Landing Gears

. |,
I

o_ I Reduction in dra,E for modifications,
co Type IMire size Dr <, I00 mph
I Air- ;ig_ of i I00 mob

plane ure gear I (in.) (ib)- !b l(odification

1 la 1 26 x 6 8.5

2 Ib I 26 x 6 8.3

3 ic I 26 x 6 4.7

4 33c 2 30 x 7 14.8

3.i 0leo st_t faired and shard cdge
' at roar h,__!f_;olls rotmded

7.01 _c_l_,_,,, well cover plates

2

I0.9 _ee]. well cover pl_tes and
faired o!eo struts

5 33d 3 30 x 7 6.5

6 If 1 27 o.o_"

streamline

7 33b 2 I 30 4.2 Fairing no. 1.

Ismooth
I contour 5.3 Fairings no. I and no. 2

8 3Zf 3 27 1 .I
smooth
contour

9 330 4 Front 19_

strc_nline I

--- I0.3

P o_r 27
smooth
contour

!0 133a I 26 x 6 3.3
I

Ii ilk 3 27
! smooth 0
1 C0nt0_-_
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TABLE VII.- Gun Installations

, i
Airplane Fig-i _uber and size of g_tus Drag A CD

ure j at !00 nrph
(lb)

-_ 3 $4c one 30-cal. 19.6 O.0029
one 50-cal.

8 34e two 50-cal. 2.3 .0004

9 36d one 37-rat,cannon 3.8 .0007

two 50-cal..?;uns I
I0 S4b two 50-ca!. i.3 .0002

I

!I 34/" two 50-ca,l. (fuselage) 1.3 .0003
_ent 30-cal, (wing) .9 0002

T_LE Vlll.- Drag of _ials

Airplane Type of aerial Drag
(_i_. _) _.t zoo _h (lt)

2 2 2.9*

7 1 3,0

8 1 4.6

10 3 1.3

10 2 4.7

*Drag only for wires - mast in place
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TABLE IX.- Lesksge Drag Increments

I i D at

Airplane Source of Leak 'iFigu_re _C D I00 mph
i (ib)

_ ,-, II Gun blast t_abe openings in no_e ! I
of cowlin_T (similar to fi{T. 35a)Xl -- 10.0069 86.8

B Gtuu blast t_abe o_enings • _ ,-ha ,0029 _ _

5 Openings between cowling s_sctions
and at fla_.s i 36"o .0008 6.5

7 Hole in the nose of the propeller.
spinner and openings aro%u%c__hu ,

oOc .0007 4.2blades _ _

8 0penii_s between cowling sections
aria at fla_s 36d .0009 5.1

Accessory exit slot , .0005 2.g

9 Fuselage louver openings , 220 ,0004 2.2

i0 _ "-_....c._<..,..e_ cowli_<_ sections,_Op ,.nl_,%,o "_+ .......

':" is i
at _iao_ 36e .0003 2.0

I _,isolage oponing_s i -- .0008 5.3

XThis item includes drag reduction due te modific::_tionof oil and car-
buretor scoops.

*This item was measured v_th propo].ler opcratir_.
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XACA _t_._ (,,..2).

WEIGHT .................. _4,932 LBS.

_ WING SECTION ........ N.A.C.A. 23018-09

WING AREA ............. 209.0 SQ. FT.
_ : SINGLE-ROW AIR-COOLED ENGINE.

750 H.P. 2,100 R.P.M. 15,200 FT.
_./ ) ALTITUOE. DIRECT DRIVE.

J
I =

, 35"0" • -- "

_"-_10'--3"

AIRPLANE I

WEIGHT ................... 5,448 LBS.
WING SECTION ....... N.A.C.A. 23015-09
WING AREA ............. 233.2 SQ. FT.

_ _ _ TWO-ROW AIR-COOLED ENGINE.

_,_ 900 H.P. @ 2,5,50 R.P.M. @ I0,000 FT.

_ I _ ALTITUDE. PROPELLER GEAR RATIO, 3:2

_J

• 34--0" I" 26--8" "

AIRPLAN E 2



Co

_" , _ wE,°,,................... ,.,,. L6G./i w..6SECT.O._______L.RK_H
s,..L_-.o..,_.o0o_oE..,.E.

"l 820 H.P. @ 2.100 R.RM. @ 12,000 FT.

C"ORO.,PERWING6O"CHORD LOWER WING 48"

AIRPLANE 3

WEIGHT ................... 6,270 LBS.

_ WING SECTION ....... N.A.C.A. 23015-09

WING AREA ............. 305.3 SQ. FT.

TWO-ROW AIR-GOOLEO ENGINE.
"r50 H.P. @ 2,550 R.P.M. @ 14,200 FT.
ALTITUDE. PROPELLER GEAR RATIO. 3s2

- 42'--0" . 33"1! 3_,, ,

,,.o,,
AI RPLAN E 4



-¢
I

WEIGHT .... i_ ....... _ __ 7,253 LBS.
WING SECTION ...... N.A.C.A. 2415 - 09.

WING AREA ..... _ ....... 318,6 SQ, FT,
SINGLE-ROW AIR-COOLED ENGINE.

800 H.P, @ 2,300 R.P.M. @ 16,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 16:If

AIRPLANE ,5

WEIGHT .......... __5,921 LBS.
WING SECTION ..... _CLARK Y.H. IS-It.S°_

WING AREA ............ 258.0 SQ. FT.
SINGLE-ROW AIR-COOLED ENGINE.
750 H.P. @ 2,I00 R.P.M. @ I5,000 FT.
ALTITU OE. DIRECT DRIVE.

.. ¢ 27'--9 '

33"-0" 7_t6"

9'--0" DIA.

AIRPLANE 6



Y

__ WEIGHT .............. 6,783 LBSo

WING SECTION .... N.A.C.A. 2215-09
WING AREA ............ 236.0 SQ. FT,
PRESTON E-COOLED ENGINE.

1,000 H.P. @ 2,600 R.P.M. @ I6,000 FT.
ALTITUDE. PROPELLER GEAR RATIO, 2:1

AIRPLANE 7

WEIGHT ............. _ ..... 6,755 LBS.

WING "SECTION .... S3-AIRPOIL, 16.7-8.2 °_o
WING AREA ............. 223,7 SQ. FT.
TWO-ROW AIR-COOLED RADIAL ENGINE "
WITH GEAR-DRIVEN SUPERCHARGER.

1,100 H.P. @ 2,700 R.P,M. @ 15,000 FT.
ALTITUDE. PROPELLER GEAR RATIO,16:9

36--0" 27'--7 5//_2'; .

AIRPLANE 8



 ACA (9-10)CO

!

WEIGHT ................... 6,150 LBS.

WING SECTION ...... N.A.C.A. 0015-23009

'_"_ _ PRESTONE-COOLED ENGINE WITH TURBO-
SUPERCHARGER. 1,150 H.Po'@ 2,950 R.P.M.
@ 20,000 FT. ALTITUDE.

_ PROPELLER GEAR RATIO, 9:5

34"0" 29'--9" 1

AIRPLANE 9

WEIGHT ......... _ ......... 8,828 LBG.
WING SECTION ........ N,A.C.A. 23018-09
WING AREA ............. 260.0 8Q. FT.

TWO,ROW AIR-COOLEO ENGINE WITH TWO-
STAGE GEAR-DRIVEN SUPERCHARGER.

1,000 H.P. @ 2,850 R.P.M. @ 20,000 FT.

ALTITUDE. PROPELLER GEAR RATIO, 3s2

I 381--0 '' ' • • 28L-O" "l

AI RPLAN E I0



WEIGHT ................... 6,600 LBS.

m _. WING AREA ............. I?O,O SQ. FT.
.! PRESTONE- COOLED .ENGINE.

1,150 H.P. @ 3,000 R.P.M. @ 12,000 FT.

At.TITUOE. PROPELLER GEAR RATIO, Z:I

• 32'.--77,46" - _7'-_,15.,,_'16" "

10_._6,_

AI RPLAN'E I I

W



L_.O/5D
Fisure 5.- De-qlGn of a,n effletent 90 ° turnin6 vane.
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Figure 6.- Effect of high resistance in increasing
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(a) Oricjinal installation

_,qdju_table outlet flap

• _

(I:))Proposedinst_llatfm

Fi_jure 8--Prep,tone radiator in_,failat_on on airplane 9. o_..oA_,
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Figure 15.- Dynamic pressure a_ailable for ram at _Ititude.
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Figure 1_.-Forward unc_er.-_[uncj pre_-one
radEa �È [ons_or atrp[(_ne It.
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I

Section _-__ Dection lb'lb

Inlet ,.Small outlet

Figure 14.--Rear under$iun(:j presfone radiafor
insfo[lat-Eon for afrp[ane I1.
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I Figure 27,- Drag of
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(a) Airplane 2.

(d) Airplane 5.
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(e) Airplane 8.

Figure 29.- Wing surface condltlons.
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(C) Airp{_ne 4-. =

Yigure 29.- Wing surface, conditton_.
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Figure 37a.- Critical speed for windshield,wing,and Figure 37b.- Critical speed for airplane nose,windshield,
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Figure 370.- Determination of the critical compressibility Figure 37d.- Critical speed for various components
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